A bilayer exchange-bias system composed of Fe/MnPd is investigated using x-ray magnetic circular dichroism ͑XMCD͒ and soft x-ray resonant magnetic reflectometry ͑XRMR͒. The absorption and XMCD data at the Fe L and Mn L edges are used to derive the optical and magneto-optical properties of the individual layers. Then the structural and magnetic depth profiles of the sample are obtained from XRMR. From reflectivity measurements at the Fe L and Mn L edges, a precise magnetic depth profiling of the interface region between the ferromagnet ͑F͒ and antiferromagnet ͑AF͒ was carried out. It reveals rotatable and pinned uncompensated Mn moments in the AF. By comparing the signs and magnitudes of the absorption, the relative coupling directions in the system are determined. It is found that rotatable Mn and the ferromagnetic Fe couple antiparallel. The pinned Mn moments are oriented antiferromagnetic to the neighboring rotatable Mn and ferromagnetic with respect to the Fe during the field cooling process.
I. INTRODUCTION
Exchange bias is a unidirectional anisotropy observed in ferromagnet ͑F͒/antiferromagnet ͑AF͒ systems ͑for recent reviews see, e.g., Refs. 1-3͒. The term exchange bias usually refers to the loop shift observed for the hysteresis of the F when it is in direct contact to an AF after the whole system has been field cooled through the ordering temperature of the AF. During the field cooling procedure, the F imprints a preferred direction into the AF ͑Refs. 4 and 5͒ and thereby causes the unidirectional anisotropy. Besides the loop shift, an increase in the coercive field of the F is also observed in such systems. While the former is attributed to pinned uncompensated moments in the AF ͑see, e.g., Refs. 1-3͒, it is assumed that the coercive field increase is related to rotatable moments in the AF. 3 The existence of rotatable uncompensated moments directly at the F/AF interface has been proven for a broad variety of exchange-bias systems. [6] [7] [8] [9] [10] [11] [12] A direct detection of pinned uncompensated moments is however more demanding ͑see, e.g., Refs. 13 and 14͒ and their exact location in the AF was just recently derived for a nonmetallic 15 and a metallic 11 AF. In both latter cases, x-ray resonant magnetic reflectometry ͑XRMR͒ was used to determine the position of pinned and rotatable moments in the system. XRMR is a combination of conventional chemical depth profiling x-ray reflectometry and x-ray magnetic circular dichroism ͑XMCD͒ which introduces an additional magnetic contrast. This technique provides structural and magnetic depth profiles at a very high spatial resolution of ϳ1 Å ͑Ref. 16͒ in an element selective way making it the perfect tool for the investigation of exchange-bias systems. Here we present a detailed study which resolves the relative coupling directions of all three kinds of magnetic moments in an epitaxially grown, metallic, exchange-biased thin-film sample: the F, the rotatable moments in the AF, and the pinned moments in the AF.
II. EXPERIMENTAL
A bilayer sample with nominal thickness of Mn 52 Pd 48 ͑750 Å͒ / Fe͑85 Å͒ / Pt͑15 Å͒ was grown epitaxially on a MgO͑001͒ substrate in an ultrahigh vacuum ionbeam sputter deposition system with a base pressure of 10 −9 mbar. The substrate was cleaned by acetone and ethanol before mounting it in the preparation chamber. Prior to film deposition the substrate was degassed at 500°C for 1 h to remove any adsorbent from the surface. During the film growth, the substrate temperature was kept at 85°C which results in a chemically disordered MnPd layer. To chemically order the system and establish a well-defined crystallography with the a-axis pointing normal to the surface, the sample was annealed at 250°C for 1 h in vacuum. 17 During this procedure, a magnetic field was applied to establish a welldefined exchange-bias direction in the film. After preparation, the crystallographic a-axis orientation of the MnPd film was checked by x-ray diffraction and led to results similar to the one shown in Ref. 18 . Room-temperature vibrating sample magnetometry ͑VSM͒ was used to characterize the magnetic properties of the sample, i.e., the exchange bias, coercive field, and necessary saturation fields. The resulting VSM hysteresis of the sample is shown in Fig. 1 . A shifted loop with an exchange bias, H eb = −4.8 mT and a coercive field, H C = 13 mT is found from the measurement. The VSM hysteresis also shows that a field of 60 mT is sufficient to fully saturate the sample at room temperature. The sample was investigated by XMCD and XRMR at the APPLE II type undulator beamline UE56/2-PGM1 at BESSY II in Ber-lin, Germany. For both, XMCD and XRMR measurements, a new dedicated experimental setup was used. 19 This instrument consists of a two-circle goniometer with a 360°rotat-able sample stage and a detector stage to measure the specular reflection. An independently rotatable magnetic yoke provides a fast switchable magnetic field of up to 200 mT at the sample position in the scattering plane. Besides reflectivity, x-ray absorption spectra can also be measured by both total electron yield ͑TEY͒ and total fluorescence yield ͑TFY͒. More details on the experiment are described elsewhere. 19 The analysis of the measured reflectivity curves, nonmagnetic or with magnetic contrast, is complicated by the fact that such spectra cannot be back transformed analytically to obtain the underlying optical or magneto-optical profile. Instead, an iterative simulation approach is used: the expected reflectance is calculated using a magneto-optical approach and the obtained reflectivity curve is compared to the measured one. The parameters are then refined until a good convergence between the measurement and simulation is reached. During the last years we have developed a software tool called REMAGX which is especially dedicated to fitting magnetic resonant reflectivity curves. 20 For simulating the reflectance from an arbitrary layer stack, REMAGX can use either the Parratt algorithm 21 or a full matrix based magneto-optical description. 22 The former of the two algorithms is commonly used for standard, nonresonant x-ray reflectometry since the calculation is very fast and interface roughness is easily included analytically. 23 However the Parratt algorithm is not suited for resonant scattering at a magnetic active absorption edge in the soft x ray since it neglects the link of the and eigenmodes ͑ → and → scattering͒ within the layer stack ͑see, e.g., Ref. 24͒. To account for these processes properly, a full magneto-optical description based on 4 ϫ 4 matrices is a possible solution. REMAGX uses the approach described in Ref. 22 to simulate the reflectivity from a layered sample. To account for interface roughness and allow local variations in the magneto-optical properties, the sample is sliced 25 into thin layers and each layer has its optical properties assigned according to the density profile. This slicing process is done automatically before each simulation and fitting iteration. It should be noted that this process allows introducing arbitrary variations in the magnetic properties in a very simple way. The use of the full optical matrix multiplication already causes an increase in the computation time by a factor of 10 compared to the Parratt algorithm but the necessity of slicing leads to an increase in several orders of magnitude depending on the number of slices. REMAGX provides different optimization algorithms for fitting XRMR data: besides the Simplex and LevenbergMarquardt algorithms, an evolution strategy in form of a genetic algorithm ͑GA͒ fitting routine is available. GAs are especially well suited for fitting reflectivity curves with large numbers of free parameters or a parameter landscape with many local minima. 26, 27 Here the structure determination of the sample used the layer thicknesses d i and roughnesses i as free parameter while the optical constants were derived from absorption experiments as described below and kept fixed during fitting. The magneto-optical profiles of the rotatable and pinned Mn moments were simulated by introducing a Gaussian shaped magneto-optical profile. The z position, variance 2 , and magneto-optical properties ␦ mag and ␤ mag of this artificial magnetic signal were free parameters of the fits of the magnetic asymmetries.
III. ABSORPTION SPECTROSCOPY
Optical constants for both the relevant elements, Fe and Mn were obtained by measuring the near-edge x-ray absorption fine structure using TEY mode. The Mn x-ray absorption spectroscopy ͑XAS͒ was obtained from another sample prepared under identical conditions but without the ferromagnetic Fe layer thus providing a better signal from the MnPd. However, the Pt capping layer was retained to prevent oxidation. The sample was rotated to an incidence angle, ⌰ = 45°, and the TEY and TFY were measured for each energy point using linearly polarized x rays. The resulting normalized Mn XAS L edges are shown in Fig. 2͑a͒ . The spectrum shows a very narrow peak with two shoulders at the L 3 edge and a double-peak structure for the L 2 edge. This spectrum of manganese in MnPd clearly shows differences compared to reference spectra for metallic Mn. 28, 29 The latter exhibits a broad L 3 peak without shoulders and a single L 2 peak which is narrower compared to the double-peak structure found here. The XAS spectrum of MnO on the other hand exhibits a multipletlike peak structure [30] [31] [32] similar to the one found here although the structures are less pronounced in MnPd. In MnO the manganese is in the Mn 2+ electronic configuration ͑3d 5 ͒ with localized electrons showing a typical multiplet structure. 33 However MnO XAS spectra reveal a pronounced peak at the low-energy shoulder, which is missing here for TEY and TFY spectra. This is a strong indication for the absence of an MnO like spectral contribution from the surface, which would be visible and more pronounced in the surface sensitive TEY mode. TFY on the other hand probes deep into the bulk and the corresponding spectrum is dominated by the bulk properties. The fact that TEY and TFY in Fig. 2͑a͒ both show the same features at the L 3 and especially the double-peak structure at the L 2 confirms that indeed the FIG. 1. ͑Color online͒ M͑H͒ hysteresis measured at room temperature using a vibrating sample magnetometer and with the external field aligned along the exchange-bias direction.
bulk and the surface of the sample are the same and that surface oxidation is not the reason for the spectral shape in Fig. 2͑a͒ . The small height difference between the TEY and the TFY at high absorption values at the L 3 edge is due to the self-absorption ͑or saturation͒ effects, which are more pronounced in the TFY spectrum. 34, 35 Reference data for MnPt ͑Ref. 30͒ closely resembles the shape of the Mn in MnPd. So it can be concluded that the Mn in MnPd is in a Mn 2+ configuration, not due to oxidation but due to the Pd. This finding is supported by the fact that Pd ͑and also Pt͒ has a considerably higher electronegativity of 2.20 ͑2.28 for Pt͒ compared to Mn which has only 1.51. 36 Anyway, the electrons are less localized than in MnO and accordingly the spectrum contains less structure. Next the XAS and XMCD of the Fe layer is investigated and discussed. Circularly polarized x rays with positive helicity were used for these measurements. A magnetic field of 85 mT was applied parallel and antiparallel with respect to the incident-beam direction to flip the magnetization of the sample at each energy value thus providing a XMCD difference signal. However to improve the signal-to-noise ratio for the TEY signal, the measurement has been carried out in remanence. The remanence of the sample is sufficient to allow such a procedure as can be seen from the VSM hysteresis in Fig. 1 . Besides these changes, the same procedures and settings ͑namely, ⌰ = 45°͒ as for the Mn XAS were used. The resulting XAS for both field directions ͑indicated by ↑↑ and ↑↓͒ as well as the XMCD difference signal at the Fe L edge of the sample are shown in Fig. 3͑a͒ . The spectrum corresponds very well in both shape and magnitude to the reference data for metallic Fe. 37, 38 To quantify the magnetic spin and orbital moments, XMCD sum rules were applied. A standard two-step background, as indicated in the graph, was subtracted and the resulting curve was then integrated. The result was multiplied by the number of 3d holes which is n h = ͑10− n 3d ͒ and n 3d = 6.61 for Fe which yields a hole number, n h = 3.39. 37 Furthermore, the result was corrected for the degree of circular polarization of the x rays ͑90%͒ and for the angle of incidence, ⌰ = 45°, and for the reduced remnant magnetization by a factor of 1.176 ͑see Fig. 1͒ . The resulting corrected spin moment for the ferromagnetic Fe in the sample is m s   FIG. 2 . ͑Color online͒ Manganese x-ray absorption near-edge spectrum measured by TEY and TFY at an angle of incidence of 45°using linearly polarized light. As can be seen, the surface sensitive TEY and the bulk dominated TFY have identical shapes proving that no surface oxidation took place. Most of the XRMR data were measured at 639.5 eV ͑marked͒. Figure 2͑b͒ shows optical constants for Mn 52 Pd 48 . The imaginary part, ␤, is directly obtained from Fig. 2͑a͒ while the real part, ␦, was derived by applying the Kramers-Kronig transform described in the text.
FIG. 3.
͑Color online͒ XMCD at the Fe edge measured for positive circular polarized light at an angle of incidence, ⌰ = 45°, by switching the magnetization direction at each energy point. The gray line represents the standard two-step background which has been subtracted for the sum-rule calculation. Figure 3͑b͒ shows the optical ͑circle/triangle͒ and the magneto-optical ͑rhombus/triangle͒ constants derived from the TEY data of Fig. 3͑a͒ using the Kramers-Kronig calculus described in the text. = ͑1.98Ϯ 0.03͒ B / atom and the orbital moment is m l = ͑0.02Ϯ 0.03͒ B / atom. Both values are, within the error, in good agreement with reference data for Fe. 37 
IV. OPTICAL CONSTANTS
Based on the Mn XAS and Fe XAS/XMCD data, the optical ͑N =1−␦ + i␤͒ and magneto-optical constants ͕n = N Ϯ ͑␦ mag − i␤ mag ͒cos͑k ជ , M ជ ͖͒ were derived using the Kramers-Kronig transform. Therefore the measured absorption data are edge normalized to get rid of measurement specific offsets and slopes and the resulting curve is fitted to tabulated scattering factors. 39, 40 Here we follow the notation from Ref. 39 . Subsequently a Kramers-Kronig calculus is performed to obtain the real part f 1 of the scattering factor.
Between the supporting points f 2i = f 2 ͑E i ͒ the scattering factor is approximated by a linear equation
Here, m i is the slope of the function f 2 ͑E͒ between the energy E i and E i+1 and b i is the corresponding axis intercept:
. The Kramers-Kronig relation then can be integrated exactly leading to
. This solution especially avoids the singularity problem occurring by standard numerical integration methods and leads to smooth curves for sufficiently dense supporting points. The optical constants of both layers, Fe and MnPd, respectively, were calculated using this scheme.
The resulting ␦ and ␤ of Mn 52 Pd 48 ͓derived from the TEY data in Fig. 2͑a͔͒ are shown in Fig. 2͑b͒ . The optical and magneto-optical constants for Fe are shown in Fig. 3͑b͒ . It has to be mentioned that the Mn L 2,3 magneto-optical constants could not be measured in a reliable way for Mn due to the thick Fe layer on top. We did not observe a significant TEY or TFY XMCD signal of the small interface related uncompensated Mn moments, buried below the thick Fe film on top. Therefore it was necessary to derive these Mn parameters directly from the magnetic reflectometry, which will be discussed later.
V. RESULTS
To resolve the chemical structure of the sample, i.e., the layer thicknesses and interface roughness, resonant nonmagnetic reflectometry was measured for Mn using linear horizontal polarized x rays. 11 For Fe, XRMR close to the Fe L 3 edge at an energy of 706.3 eV was measured using positive circular polarized x rays. The sample magnetization was flipped for each angle of incidence by applying an external magnetic field of Ϯ67 mT. The resulting two reflectivity curves ͑circle/triangle͒ are shown in Fig. 4 along with the best-fit result from simulating the curves ͑dark gray/light gray solid lines͒. Note that the measured curve has been background corrected by cos͑2⌰͒ to account for strong diffuse scattering at this energy. The fit has been obtained by using the magneto-optical constants shown in Fig. 3͑b͒ With the structural information available, x-ray resonant magnetic reflectometry was measured for the Mn to obtain signals from rotatable and pinned uncompensated moments in the AF. Therefore the magnetic reflectivity was measured for both field directions by flipping the external field of Ϯ67 mT at each angle of incidence. Positive circularly polarized x rays are used and in addition the measurement was subsequently repeated for the opposite helicity. This method provides four different reflectivity curves according to the scheme: ↑↑, ↑↓, ↓↑, and ↓↓, where the first arrow represents the helicity of the x rays while the second indicates the direction of the magnetic field. The four resulting curves are shown in Fig. 5 . From this set of data, the asymmetry signal related to rotatable Mn in the sample is obtained from A = ͑↑↑− ↑↓͒ / ͑↑↑+ ↑↓͒. A large asymmetry signal of up to 15% from rotatable uncompensated Mn moments is found. 11 This clearly proves that rotatable Mn moments are present in the AF. The resulting magneto-optical profile indicating the position and width of the rotatable Mn is shown in Fig. 6 . Rotatable Mn moments are only found in a ϳ4 Å wide region directly located at the interface. The width of this region correlates with the roughness of the interface suggesting that the neighborhood of Fe atoms is responsible for the Mn behavior. This interpretation is further stressed by the fact that Fe and rotatable Mn show exactly the same reversal behavior. 11 As mentioned above, no information about the magneto-optical constants of Mn was obtained from the absorption measurements, neither for the rotatable nor the pinned Mn. Instead, the magneto-optical constants for the rotatable moments were estimated from a reference XMCD signal of ferromagnetic Mn ͑Ref. 28͒ and then refined during the fitting process to match the magnitude of the moments here. To verify the L 3 finding, the magneto-optical profile of the rotatable Mn moments has also been fitted at the Mn L 2 edge. While the position and width of the distribution was kept fixed for the fitting process, ␦ mag and ␤ mag were refined.
The measured curve along with the best fit is shown in Fig.  7͑a͒ . The signal is roughly a factor of 10 smaller than at the L 3 ͑Ref. 11͒ due to the reduced scattering cross section at the L 2 edge. Figure 7͑b͒ shows the magneto-optical profile of the simulation result. The imaginary, i.e., absorptive part at the L 2 is negative and opposite in sign to that at the L 3 edge. But while the dispersive part, ␦ rotatable , is very small at the L 3 , it is of nearly the same magnitude here. This can be used to check the agreement with the reference XMCD spectra from the literature by comparing the relative magnitude and sign of the two constants. Figure 8 shows the magneto-optical constants of ferromagnetic, metallic Mn from Ref. 28 , which were initially used to fit the signal of the rotatable uncompensated Mn. As can be seen, the same relative signs and magnitudes for ␦ and ␤ are found from the reference data clearly proving that the shape of the XMCD spectrum of the rotatable, uncompensated Mn is of the same general form. Small differences in their relative magnitudes are very likely related to the digitalization process used to obtain the reference data. From this comparison the orientation of the rotatable Mn with respect to the ferromagnetic Fe on top can be derived. While the Fe XMCD of Fig. 3 has negative sign at the L 3 and positive at the L 2 , and the Mn has a positive sign at the L 3 and a negative one at the L 2 for the absorptive part of the index of refraction although both were measured using positive circular polarized x rays. The obvious interpretation is that the Fe and rotatable Mn moments are oriented antiparallel with respect to each other. This is in agreement with the typical behavior of Fe and Mn coupling as found in FeMn alloys. 41, 42 From investigations of ultrathin Mn on Fe films it is found that the Mn can couple antiferromagnetic 43 or ferromagnetic 44 to the Fe depending on the precise local configuration of the atoms.
The investigation of the magneto-optical constants of the pinned uncompensated Mn moments is complicated by the fact that their signal needs to be separated from the rotatable contribution. Therefore a different asymmetry calculus is necessary. By calculating the asymmetry using A = ͑↑↑− ↓↓͒ / ͑↑↑+ ↓↓͒ the rotatable contribution is blanked out because their net magnetization stays parallel to the incident x rays for both curves and the only remaining signal originates from the pinned moments. This calculus was applied to the data from Fig. 5 and a pinned asymmetry of 2.5% was found for Mn clearly proving the existence of such uncompensated pinned moments in the AF. 11 Since no information is available about the shape of the spectroscopic signal of pinned magnetic moments, the magneto-optical constants were set as free parameters of the fit. Nevertheless a good convergence of the fit was reached with reasonable values for the two constants. 11 The magneto-optical profile describing the position, distribution, and magnitude of the pinned uncompensated Mn in the AF is shown in Fig. 9 . The pinned uncompensated Mn moments are located close to the interface in a region roughly 13 Å wide and slightly beneath the rotatable Mn. Besides the position, an unexpected relationship between ␦ and ␤ is found in the profile. While one would expect a large ␤, i.e., a maximum of the XMCD at the L 3 edge ͑also compare Fig. 6͒ , the profile shows only a very small absorptive part. In fact, the dispersive part, ␦, dominates the profile. This effect might result from a modified shape and/or position of the magnetic spectra of the pinned Mn atoms as it is imposed, for example, by a change in the local chemical environment.
The coupling of the pinned moments is estimated by comparing the sign of the magneto-optical constants to ferromagnetic metallic Mn reference data. Figure 10 shows the magneto-optical constants of metallic Mn from Fig. 8 Before the L 3 edge, ␦ and ␤ have different sign and either ␤ is larger than ␦ ͑very close to the L 3 ͒ or they are of same magnitude but opposite sign. This region is marked green.
Directly on the L 3 ͑the maximum of the XMCD͒, ␤ is very large while ␦ is zero or close to it. The region is marked red in the figure. Behind the L 3 edge ͑blue͒, ␦ and ␤ have the same sign and their relative strength varies from being equal ͑closer to the L 3 ͒ to a large ␦ and small ␤ ͑right side of the blue region͒.
To verify that the method used here is sensitive enough to distinguish between these different cases, four different simulations with varying ␦ / ␤ ratio and sign are shown in Fig. 10 . The magnetic asymmetry from the pinned Mn moments was simulated based on four different relations between the two magneto-optical constants: ␦ and ␤ have different sign ͑Case 1͒, ␤ is large and ␦ much smaller ͑Case 2͒, same magnitude and sign ͑Case 3͒, and a large ␦ and small ␤ ͑Case 4͒. The last case is the best result from fitting the pinned asymmetry data according to its 2 . Although the XMCD data are obtained for ferromagnetic Mn, the shape of the curve is of general character so it is justified to assume that the pinned Mn would yield similar relations for ␦ and ␤ ͑sign and relative magnitude͒. The fact that the pinned asymmetry fits to a spectra with negative XMCD at the L 3 ͑thus ␦ Ͼ ␤͒ means that the pinned moments point along the positive field direction. According to the data from ments is parallel to the Fe but antiparallel to the rotatable Mn which is compatible with the expected spin configuration of a-axis MnPd. 17 In contrast, antiparallel coupling has been reported in CoO and IrMn. 14 This might result from the different spin structure of these antiferromagnets compared to the one in MnPd or to the fact that the system investigated there has a perpendicular magnetization.
VI. SUMMARY
An epitaxially grown Fe/MnPd exchange-bias sample was investigated using XMCD and XRMR to identify uncompensated moments in the AF and their relative coupling with respect to the ferromagnetic Fe. High quality XAS and XMCD spectra of the Fe L and Mn L edges were measured to derive the optical and magneto-optical constants of both elements. The Mn XAS shows that Mn in MnPd behaves more like Mn 2+ than like metallic Mn. The XRMR investigation at the Mn L 3 and L 2 edge reveals the existence of rotatable uncompensated Mn in a ͑4 Ϯ 1͒ Å broad region directly at the AF/F interface. Since the interface roughness is of the same size, this means that only 1-2 monolayers of Mn are ferromagnetic. Comparing the signs and magnitudes of the magneto-optical constants with reference XMCD spectra for metallic Mn, an antiparallel orientation of these moments with respect to the F is found. A XRMR signal which can be associated to pinned uncompensated magnetic Mn moments was observed in the sample. These moments are also located close to the AF-F interface but in a much broader region of ϳ13 Å. The orientation of these moments with respect to Fe and rotatable Mn during the field cooling process can be derived by comparing the found magnetooptical constants with literature data of metallic Mn. Their orientation during the field cooling process was antiparallel with respect to the neighboring rotatable Mn and parallel to the Fe layer on top.
